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Many investigations have been reported on the effects of solvent
on intensity enhancement of electronically forbidden transitions
in solvatedmolecules (Leach et al., 1961; Platt, 1962; Bayliss and
Cant, 1962; Koyanagi and Kanda, 1964; Eastman and Rehfeld,
1970; Rusu et al., 2008; Reske et al., 2005; Ahmed et al.,
2012a,b; Cissea et al., 2011). Second order perturbation theory
had been applied to the interacting solute molecules encaged by
solvent molecules to derive the expression that correlates inten-
sity enhancement with the macroscopic solvent properties like
refractive index and dielectric constant (Weigang, 1964; Liptay,
1966; Siddlingeshwar and Hanagodimath, 2010). In a similarmanner, the second order perturbation theory was applied to
a system of absorber (solute) and perturber (solvent) to identify
the mechanism by which the solute transition can borrow inten-
sity fromother solute transitions and from transitions of the sol-
vent (Robinson, 1967). Adopting the Louguet-Higgins and
Salemmode of intermolecular forces, the intensity enhancement
was correlated with the interaction between solute transition
moment and transition polarizability and that of the solvent,
and static electric ﬁeld of the solvent (Bayliss, 1969; Ahmed
et al., 2012a,b).
The expression that correlates the absorption enhancements
of benzene and naphthalene with solvent polarizabilities
and solute–solvent inter-molecular distance was derived
(Koyanagi, 1968). An interesting example of solvent perturba-
tions in the absorption and ﬂuorescence spectra of pyrene and
coronene in polar solvent has been demonstrated (Nakajima,
1971, 1979). It was concluded that the intensity enhancements
of the origin band in the S0ﬁ S1 spectra of pyrene and
coronene were closely correlative with solvent polarities rather
than with solvent refractive indexes.
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ties of the solvated solute to that of vapour whose determina-
tion may not be experimentally feasible, and in part to identify
the key terms that contribute to the intensity enhancement of
the forbidden transition in solutions via the application of
the ﬁrst order perturbation theory using Acridine and 9-ami-
noacridine as case study.
2. Experimental
2.1. Materials and apparatus
Acridine and 9-aminoacridine, n-hexane, and cyclohexane were
products of Tokyo Kasei (Japan), and were of spectroscopic
grade. Methanol, ethanol, n-butanol, dichloromethane, chloro-
form, acetonitrile, tetrachloromethane were obtained from the
British Drug House Ltd and were distilled several times.
Electronic absorption spectra were measured at room tem-
perature using a Schimadzu UV-1650 double beam spectro-
photometer coupled with UV-probe 2.31 version, operated
in the wavelength region of 190–500 nm. Stock solutions of
each compounds dissolved in different solvents were prepared
in 5 ml standard ﬂasks and were in the concentration range of
105–106 M. The quartz cells used were of 1.0 cm in optical
path. The other experimental conditions had been described
previously (Iweibo et al., 1991).
2.2. Intensity measurement
The f-value of the absorption spectra of the two compounds
was determined using a mathematical expression that incorpo-
rates both the solvent and ﬁeld correction factors as described
previously (Iweibo et al., 1990).
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dm ð3ÞTable 1 Molecular (spherical) radii, polarizability and other solven
S/No Solvents Molecular radii
(108 cm)d
Mean molecular
polarizability,
(a (1024 cm3)c
R
1 Methanol 2.13 3.26 1.
2 Ethanol 2.41 5.12 1.
3 Cyclohexane 2.95 10.89 1.
4 Dichloromethane 2.48 6.47 1.
5 n-Hexane 3.15 11.86 1.
6 Chloroform 2.68 8.47 1.
7 Acetonitrile 2.33 4.44 1.
8 Tetrachlorocarbon 2.82 10.23 1.
9 n-Butanol 2.79 8.78 1.
a Refractive index at the sodium D line.
b Taken from the catalog of Tokyo Kasei Co. Ltd.
c Calculated from refractive index and molar refraction (Iweibo et al.,
d Computed from molecular weights and densities (Nakashima et al., 1N0 is the Avogadro’s number; V is the volume of the solution;
m and e are the mass and charge of electron respectively, n is
the real part of the refractive index; c is the speed of light,
eðvÞs is the molar absorptivity at frequency v as deﬁned by
the Bouger-Beer-Lambert law; eðvÞ0s is the experimentally
determined molar absorptivity and eðvÞ00s is a correction factor
arising from the optics of double-beam spectrophotometers; c0
is the concentration of the dissolved solute; l is the optical
length; subscripts s and v denote quantities in the solution
and vapour phases respectively; The values of term b depend
on the unit of measurement – in the S.I. unit, b= 4pe0 and
in the c.g.s units b= 1; e0 is the vacuum permittivity of free
space.
Neglecting the eðvÞ00s component in Eq. (2) and assuming
that vjiv
R eðvÞ0s
v
dv  eðvÞ0sdv reduces Eq. (1) to that which has
been previously used (Iweibo et al., 1982). Oscillator strength
in vapour phase was determined using the modiﬁed Onsager-
Abe-Iweibo reaction ﬁeld model as described (Iweibo et al.,
1990).
2.2.1. Molecular radii and other molecular properties
The molecular radii employed were calculated using molecular
weights and densities available for the liquid states, on an
assumption that all the molecular are spherical (Nakashima
et al., 1982). The polarizability of the solvents was computed
from molar refraction as previously described (Iweibo et al.,
1982; Chongwain and Iweibo, 1991; Ahmed et al., 2012a,b).
Table 1 shows the polarizability data with other properties
of the solvent.
3. Results and discussion
3.1. Solvent effects on transition energies
Presented in Table 2 are the transition energies (in wave num-
ber) and the maximum molar extinction coefﬁcient values of
different absorption bands for the compounds in the represen-
tative solvents. In acridine, the S0ﬁ S1, S0ﬁ S2 bands are
red-shifted in polar solvents relative to non-polar which sug-
gests that the transitions are pﬁ p* in nature, this implies that
the ground state has more charge character than the excited
state. However, the S0ﬁ S3 bands are blue-shifted in polart properties.
efractive index (n)a Dielectric constant (D) Density (kg dm3)b
3284 33.0 0.7910
3614 24.3 0.7890
4262 2.02 0.7791
4241 9.08 1.3266
3749 1.89 0.6594
4458 4.81 1.4892
3441 37.5 0.7768
4603 2.24 1.6320
400 17.8 0.8100
1990).
982; Chongwain and Iweibo, 1991).
Table 2 Summary of observed absorption bands of compounds in different solvents.
Compounds and transitions Methanol Hexane Dichloromethane
vmaxðcm1Þ emax (·103) M1 cm1 vmaxðcm1Þ emax (·103) M1 cm1 vmaxðcm1Þ emax (·103) M1 cm1
Acridine
S0ﬁ S1 28096 4.85 28090 4.96 27933 4.23
S0ﬁ S2 39992 40.45 40000 42.22 39683 27.32
S0ﬁ S3 47619 16.98 47170 8.93 – –
9-Aminoacridine
S0ﬁ S1 24876 5.67 24318 1.54
S0ﬁ S2 38168 24.13 Insoluble Insoluble 37879 1.23
S0ﬁ S3 45455 11.45 – –
N
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Figure 1 Electronic absorption spectra of Acridine in methanol ( ), n-hexane ( ) and dichloromethane ( . . . . ).
S288 S.A. Ahmed et al.relative to non-polar. A similar trend was observed in 9-ami-
noacridine, though it suffers solubility problem in some
solvents.
Figs. 1 and 2 show the absorption spectra of acridine and 9-
aminoacridine in the representative solvents. Both compounds
have three major bands which are designated as S0ﬁ S1,
S0ﬁ S2 and S0ﬁ S3 in the order of increasing energy. The
S0ﬁ S1 bands in the compounds are both quantum-mechani-
cal and overlap forbidden as reﬂected in their low intensity,
transitions in the other two bands are intense and allowed ex-
cept where the insolubility occurs. The bands show similar pat-
terns except that vibrational ﬁne structure of the S0ﬁ S1 bandis much more pronounced in 9-aminoacridine. This is not
unexpected because the lone-pair electron on the amino substi-
tuent is strongly delocalised. Also, 9-aminoacridine absorbs at
longer wavelength compared to acridine, the shift being more
pronounced for S0ﬁ S1 band. This displacement is due to the
substituent effect which causes the perturbation of the
p-electronic energy level.
3.2. Solvent effect on oscillator strength
From Table 3, the oscillator strength, f, obtained ranged from
102 for the forbidden electronic transition to approximately
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Figure 2 Electronic absorption spectra of 9-aminoacridine in methanol ( ), n-hexane ( ) and dichloromethane ( ).
Table 3 Summary of oscillator strength in solution and vapour phase for the observed bands in different solvents.
Compounds and transitions Methanol Hexane Dichloromethane
f(soln) f(vap) f(soln) f(vap) f(soln) f(vap)
Acridine
S0ﬁ S1 0.119 0.116 0.137 0.134 0.117 0.114
S0ﬁ S2 1.142 1.111 1.016 0.993 0.883 0.859
S0ﬁ S3 0.606 0.589 0.206 0.201 – –
9-Aminoacridine
S0ﬁ S1 0.148 0.144 0.241 0.235
S0ﬁ S2 0.947 0.921 Insoluble 0.052 0.051
S0ﬁ S3 0.409 0.398 – –
Solvent enhancement of electronic intensity in acridine and 9-aminoacridine S2891.0 for fully allowed transition. However, the f value of
S0ﬁ S2 transition in acridine was found to be greater than
1.0, which suggests that more than one optical transition is
contributing to the intensity of these bands (Chongwain and
Iweibo, 1991).
Generally, the oscillator strength of an electronic transition
of any given compound in a series of solvents increases with
increase in solvent polarity. This trend is in harmony with
expectation, because in polar solvents, all the van der Waal’s
interactions between solute and solvent (the dispersion interac-
tion inclusive) are operative in the perturbation of the oscilla-
tor strength and are positive, additive contributions to the
oscillator strength in the vapour phase whereas in non-polar
solvents only the dispersion interaction terms exist.Comparison of the oscillator strength values of these com-
pounds in vapour phase with the corresponding ones in solu-
tion reveals that for any given transition, the vapour phase
should be lower than that of the solution; this is in agreement
with the Bayliss theory (Bayliss, 1969).
3.3. Solvent intensity enhancement
Applying Nakajima’s treatment of environmental intensity
enhancement to our study, the solvent parameter given by
Nakajima (1971) is expressed as
f1 ¼ ðD 1Þð2Dþ 1Þ  x
ðn2  1Þ
ð2n2 þ 1Þ
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Figure 3 Plots of the oscillator strength, f of acridine against the solvent parameter given by Nakajima, The numbering of the plots is as
follows: (1) methanol; (2) ethanol; (3) cyclohexane; (4) dichloromethane; (5)n-hexane; (6) chloroform; (7) acetonitrile; (8) tetrachloro-
carbon; and (9) n-butanol.
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Figure 4 A correlation diagram between the oscillator strength, f, of acridine and the square of the relative dispersion energy of solvents,
a=r6ð Þ2. For the numbering of the plots, see the caption given in Fig. 3.
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of the solvent, and x an adjustable dimensionless parameter
with arbitrary value of x= 0.5 and the physical meaning of
f1 is not clear. Plots of oscillator strength f against f1 for acri-
dine are shown in Fig. 3. However, we could not ﬁnd any
straightforward correlation between f and f1. Thus, it seems
that Nakajima-like treatment is not valid for the explanation
of the intensity enhancement in the S0ﬁ S1 spectra of acridineand 9-aminoacridine. Similar plots were obtained for 9-amino-
acridine despite its insolubility in some solvents.
Adopting Koyanagi’s treatment of intensity enhancement
by solvent properties (Koyanagi, 1968), the oscillator strength
f is plotted as a function of the squared value of a relative dis-
persion energy between the solute and the solvent molecules;
ða=r6Þ2. a denotes the mean polarizability of the solvents and
r the mean molecular distance between the solute and the
   8
6
4
7
 9
2
1
0.10
0.13
0.16
0.20
0.23
0.26
0.2 0.5 0.7 0.9 1.2 1.4
f
Figure 5 A correlation diagram between the oscillator strength, f, of 9-aminoacridine and the square of the relative dispersion energy of
solvents, a=r6ð Þ2. For the numbering of the plots, see the caption given in Fig. 3.
Solvent enhancement of electronic intensity in acridine and 9-aminoacridine S291solvent. The correlation diagram between f and ða=r6Þ2 is
shown in Figs. 4 and 5, respectively.
Despite the roughness in the approximation for r, the ob-
served oscillator strength of acridine and 9-aminoacridine
shows an approximately linear increase with an increase in
ða=r6Þ2. Solvent numbers 3 and 5 (i.e. cyclohexane and n-hex-
ane) are missing in Fig. 5 because of the problem of insolubility.
With the help of quantum-mechanical perturbation treat-
ment of Bayliss model of solvent intensity enhancement, we
shall here give a qualitative explanation and a comment on
the environmental intensity enhancement. The wave function
of solvated solute for excited state i and the ground state o is
expressed (Bayliss, 1969) as the product combination of the
solute and solvent wave functions and it is given as
ðabÞis ¼ aibo þ
X
p–i;q–o
Cpqioapbq ð4Þ
ðabÞos ¼ aobo þ
X
p;q–o
Cpqooapbq ð5Þ
where a and b represent the solute and solvent wave functions,
respectively, p and q denote all possible excited states in the
solute and solvent, respectively.
The transition moment integral for the system gives
hðabÞisjMsj ðabÞosi ¼ hðaibo þ
X
p–i;q–o
CpqioapbqjMjaobo
þ
X
p;q–o
CpqooapbqÞi ð6Þ
where Ms = la + lb.
On expanding and neglecting terms with double summa-
tion, and imposing the orthogonality condition for the wave
functions in different states, Eq. (3) gives the following non-
vanishing terms:hðabÞisjMsj ðabÞosi ¼ haijlajaoi þ Ciooo haijlajf aii  haojlajaoig
þ
X
p–o
Cpooohaijlajapi þ
X
q–o
ðCiqoo þ CoqioÞ
 hbojlbjÞbqi þ
X
p–i
Cpoiohapjlajaoi ð7Þ
The ﬁrst term of Eq. (4) is the transition moment of the iso-
lated solute and the four other terms represent modes by which
the transition mode can be enhanced by solvent. The second
term indicates contributions to intensity due to the difference
in the permanent moment of the ground and forbidden excited
state (i.e. stark term). The third term is the contribution arising
from the static ﬁeld of the perturber and a transition of the
type aiﬁ ap in the solute. The fourth is the dispersion term
involving the forbidden transition density and that of a transi-
tion (boﬁ bq) of the perturber. The ﬁfth term is intensity
enhancement originating from aoﬁ ap transition density and
the permanent dipole moment in the solvent.4. Conclusion
Based on the assumption that
(i) the interaction between the solute and the solvent is
weak and
(ii) the distance between the solute and the solvent mole-
cules is far apart in such a way that electron exchange
does not occur between the solute and the solvent
molecules.
Therefore, the intensity enhancement of the S0ﬁ S1 forbid-
den electronic absorption band of acridine and 9-aminoacri-
dine in solutions is quantitatively interpreted in terms of
dispersion interaction between the solute and the solvent.
S292 S.A. Ahmed et al.However, a careful check is suggested for further generaliza-
tion in case of other system.
References
Ahmed, S.A., Obi-Egbedi, N.O., Iweibo, I., 2012a. Solvent perturba-
tion of the electronic intensity of solvated absorbing molecules.
Phys. Chem. 2 (1), 16–20.
Ahmed, S.A., Obi-Egbedi, N.O., Adeogun, A.I., Odozi, N.W., 2012b.
Substituent and solvent effects on the electronic absorption spectra
of 9H-xanthene, 9H-xanthenone and 9H-xanthione. Int. J. Chem.
Sci. 5 (1), 43–50.
Bayliss, N.S., 1969. The effect of intermolecular interaction on the
intensity of weak or forbidden electronic transitions. J. Mol.
Spectrosc. 31, 406.
Bayliss, N.S., Cant, N.W., 1962. Solvent perturbations in the near-
ultraviolet spectrum of benzene. Spectrochim. Acta 18, 1287.
Chongwain, P.T., Iweibo, I., 1991. Vibronic absorption spectra of
acenaphthene in solution and its excited state electric dipole
moments and polarizabilities. Spectrochim. Acta 47A (6), 713–719.
Cissea, L., Djandeb, A., Capo-Chichic, M., Delatred, F., Sabab, A.,
Tinea, A., Aarone, J.J., 2011. Revisiting the photophysical prop-
erties and excited singlet-state dipole moments of several coumarin
derivatives. Spectrochim. Acta Part A 79, 428–436.
Eastman, J.W., Rehfeld, S.J., 1970. Interaction of the benzene
molecule with liquid solvents. Fluorescence quenching parallels
(0–0) ultraviolet absorption intensity. J. Phys. Chem. 74, 1438.
Iweibo, I., Oderinde, R.A., Faniran, J.A., 1982. Electronic absorption
spectra and structures of aniline and its 4-chloro, pentaﬂuoro and
pentachloro derivatives. Spectrochim. Acta 38A (1), 1–7.
Iweibo, I., Obi-Egbedi, N.O., Chongwain, P.T., Lesi, A.F., Abe, T.,
1990. The theory of electronic intensity in solution or condensed
media. J. Chem. Phys. 93 (4), 2238–2245.
Iweibo, I., Chongwain, P.T., Obi-Egbedi, N.O., Lesi, A.F., 1991.
Excited state electronic dipole polarizabilities and moments by
solvent spectral frequency shifts: aniline, phenol and naphthalene.
Spectrochim. Acta 47A (5), 705–712.Koyanagi, M., 1968. Effect of dispersion forces of solvents II. On the
0–0 band of the near ultraviolet absorption spectrum of benzene in
ﬂuid solutions. J. Mol. Spectrosc. 25, 273.
Koyanagi, M., Kanda, Y., 1964. On the origin of the Ham bands in the
spectrum of benzene in ﬂuid solution. Spectrochim. Acta 20, 993.
Leach, S., Lopez-Delgado, R., Delmas, F., 1961. On the 3E1u–
1A1g
transition of benzene and the attribution of weak bands near
2600 A to the 1B2u–
1A1g transition. J. Mol. Spectrosc. 7, 304.
Liptay, W., 1966. Solvent inﬂuence on the intensity of electronic bands
I. Theory. Z. Naturforsch. 21A, 1605–1618.
Nakajima, A., 1971. Solvent effect on the vibrational structures of the
ﬂuorescence and absorption spectra of pyrene. Bull. Chem. Soc.
Jpn. 44, 3273.
Nakajima, A., 1979. Solvent effect on the vibrational structures of
electronic spectra. Kagaku No Ryoiki 33, 394–401.
Nakashima, K., Uchida-Kai, K., Koyanagi, M., Kanda, Y., 1982.
Solvent effects on the intensities of forbidden bands of molecules.
Absorption spectra of acetone and cyclopentanone bull. Chem.
Soc. Jpn. 55, 415–419.
Platt, J.R., 1962. The problem of locating the second triplet state of
benzene. J. Mol. Spectrosc. 9, 288.
Reske, A.M.W., Wysocki, S., Grzegorz, W.B., 2005. Determination of
dipole moment in the ground and excited state by experimental and
theoretical methods of N-nonyl acridine orange. Spectrochim. Acta
A 62, 1172–1178.
Robinson, G.W., 1967. Intensity enhancement of forbidden electronic
transitions by weak intermolecular interactions. J. Chem. Phys. 46,
572.
Rusu, E., Dorohoi, D.O., Airinei, A., 2008. Solvatochromic effects in
the absorption spectra of some azobenzene compounds. J. Mol.
Struct. 887, 216–219.
Siddlingeshwar, B., Hanagodimath, S.M., 2010. Estimation of the
ground and the ﬁrst excited singlet-state dipole moments of 1,4-
disubstituted anthraquinone dyes by the solvatochromic method.
Spectrochim. Acta Part A 75, 1203–1210.
Weigang, O.E., 1964. Solvent ﬁeld corrections for electric dipole and
rotatory strengths. J. Chem. Phys. 41, 1435.
